A two-dimensional photonic crystal microcavity coupled to a photonic crystal waveguide is proposed to realise a high sensitive pressure sensor, designed on a GaAs membrane. A theoretical model is developed to evaluate the change of the refractive index induced by the application of a force onto a sensing surface. A linear calibration curve is obtained relating the resonant drop position to the applied pressure.
INTRODUCTION
The photonic crystal capability to control the flow of the light makes this kind of structures very attractive for several applications in the field of integrated optics and telecommunications [1, 2] . However in the last years a large number of investigations has shown the potential improvement consequent to the introduction of photonic crystal technology in the wide field of optical sensors. In fact the compact dimensions and the high sensitivity of the optical properties with respect to the background variables are essential qualities for the implementation of an optical sensor.
An example of sensing photonic crystal device recently proposed is the ultracompact biochemical sensor [3] , built with two-dimensional photonic crystal microcavity, fabricated on silicon on insulator substrate, capable to detect the change of the refractive index, equal to 0.002, by measuring the resonant wavelength of the microcavity.
Another suggestive application is the micro-displacement optical sensor proposed in [4, 5] which can be integrated in a micro-electro-mechanical system. A very sensitive displacement sensor has been realised by considering a twodimensional photonic crystal waveguide, assisted by a fixed and a mobile segments. The measure of the displacement can be accomplished evaluating the variation of the intensity of the guided modes with respect to the relative position of the two segments.
A smart device, fabricated using a multi-layer, metal dielectric PBG structure with electrically controllable optical properties was proposed in [6] : it can be used for sensing applications, in Exploiting the guided resonance phenomenon, it is possible to fabricate structures that are highly sensitive to longitudinal displacements, for example by using the photonic crystal slabs as mirrors to form Fabry Perot cavity [7] . In this case, the highest achievable sensitivity is directly related to the maximum reflectivity expected in a single slab.
In this paper we report the full design of a photonic crystal pressure sensor constituted by a microcavity coupled to a photonic crystal waveguide designed in a GaAs membrane. The sensor operation is based on the detection of the frequency shift of the localised state supported by the microcavity due to the variation of the refractive index of the GaAs induced by the pressure application. The sensor sensitivity improves as the quality factor of the microcavity increases [8, 9] , while the simultaneous presence of a line defect and a point defect allows an easier detection of the shift in the frequency drop position [10] .
THEORETICAL MODEL
The sensor is realised in a two-dimensional photonic crystal GaAs membrane, having a 600nm thick GaAs layer. The sketch of the whole device is shown in Figure 1 . The photonic crystal is composed by a triangular lattice of air holes, characterised by a lattice constant equal to 360nm, an air-hole radius equal to 0.35a, whereas the hole-depth is equal to 600nm. A line defect is introduced by removing a row of air holes in the ΓK direction (W1), allowing guided modes to propagate within the photonic band gap. The W1 is coupled to a resonant cavity: the transmission spectrum experiences the presence of a frequency drop caused by the presence of the cavity, which is able to trap the light at a specific frequency. The sensing operation principle is based on the change of the refractive index induced by the photoelastic, piezoelectric and electrooptic effects of the membrane material, i.e. GaAs, which must be considered when a force is applied on the device surface. The change modifies the transmission spectrum of the photonic crystal membrane with respect to the unperturbed PC, and in particular, induces a frequency shift of the localised resonant state (i.e. shift of the frequency drop).
The relationship between the applied pressure and the refractive index change is expressed in terms of the variation of the dielectric impermeability tensor b (the inverse of the dielectric constant tensor ) by the following relation:
where p is the photoelastic fourth-order tensor at constant electric field, s is the fourth-rank elastic compliance sensor, r T = r S + p : d S is the electrooptic third-rank tensor at constant stress in which r S is the third-order electrooptic tensor at constant strain u and d S is the third-rank piezoelectric tensor at constant strain, g T is the third-rank piezoelectric tensor at constant stress, and the symbol : means double contraction [11, 12] . Since we assume that the force direction is orthogonal to the photonic crystal plane (see Figure 1 ) and the coordinate axes coincide with the principal directions of the crystal, the stress tensor T, considering the contracted form, displays only one element different from zero, T 3 .
The variation of the dielectric impermeability ∆b can be arranged as ∆b 1 = q 12 T 3 , ∆b 2 = q 12 T 3 , ∆b 3 = q 11 T 3 , ∆b 4 = ∆b 5 = ∆b 6 = 0.
The calculations related to the change of the impermeability tensor b, accounting for the strain and stress effects acting on the lattice, evaluated using Eq. 1 and considering the contribution of all effects reveal that the main contribute to the dielectric impermeability tensor variation is due to the photoelastic effect.
In order to model exactly the action and the effects of the applied pressure on the membrane a structural strain, stress and displacement analysis has been performed through a commercial 3D finite element method code (COMSOL MultiphysicsFemlab). The mechanical analysis shows how the membrane bends when the pressure is applied uniformly along the direction orthogonal to the propagation plane and, at the same time, gives back the results concerning the distribution of the strain and the stress on the whole structure. Figure 2 depicts the effect of the applied stress tensor when a pressure of 2GPa is considered: the membrane bends along the longitudinal direction, but the cavity and the W1 waveguide remain almost at the same height. This effect does not influence the coupling capability to and from the sensor, as the bent angle becomes relevant at the edges of the structure. Figure 3 shows the maximum displacement experienced by the membrane as the pressure value is increased: the bending entity is proportional to the applied pressure and reaches the maximum value of about
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Journal of the European Optical Society -Rapid Publications 2, 07017 (2007) D. Biallo, et. al. 0.8µ m at the centre of the membrane when the pressure of 2GPa is applied. Moreover, no breaking points for the membrane have been pointed out until this pressure value is considered. We also verified that if we consider applied pressure values beyond 2GPa, the membrane bends critically, thus affecting the propagation within the membrane and consequently the whole functionality of the sensor.
The structural/strain analysis has shown that the distribution of the stress is homogeneous when the bases holding the whole structure have at least the size of one sixth of the entire dimension x (see Figure 1) , so that the refractive index variation can be considered uniform in the whole structure.
NUMERICAL RESULTS
When the pressure is applied onto the whole device, the GaAs becomes anisotropic, displaying different values of the refractive index tensor elements depending on the applied force direction. For instance, if a pressure of 1GPa is applied uniformly onto the whole device, the GaAs refractive index tensor [13, 14] assumes the following values: n 11 = n 22 = 3.4274, n 33 = 3.4345. As the Maxwell equations show, this GaAs anisotropy mainly affects the TM-like propagation, whereas our electromagnetic analysis concerns the TE-like modes.
The 3D-electromagnetic analysis of the sensor has been performed by means of a commercial code, i.e. RSoft-FullWave, based on a finite difference time domain algorithm (FDTD). Different 3D-electromagnetic calculations concerning TE-like mode propagation have been carried out. First, the isotropic GaAs membrane having refractive index equal to 3.4274, corresponding to 1GPa of applied pressure, has been considered as a benchmark calculation. In the isotropic case the drop peak corresponding to a bipole-like resonance supported by the cavity is centred around λ = 1.3108µm. Then a calculation considering the refractive index tensor taking into account the GaAs anisotropy under 1GPa of applied pressure has been performed. The 3D results highlight that in the anisotropic case the drop peak is centred around λ = 1.3105µm. Moreover, the anisotropy is responsible of a red-shift of the whole transmission band, although the shape of the transmission curve is not significantly modified. In order to prove that the anisotropy effect doesn't affect at all the overall expected behaviour of the sensor, two more anisotropic calculations have been performed when 0.25GPa and 2GPa of applied pressure are considered. The results stress that as the refractive index varies under the application of the pressure, the transmission spectrum experiences a red-shift, keeping its shape unchanged. In particular, when a pressure value of 0.25GPa, 1GPa and 2GPa are considered the drop peak is centred at λ = 1.2992µm, λ = 1.3105µm and λ = 1.3122µm respectively. The 3D calculations witness a difference between the isotropic and anisotropic case, weighting mainly on the position of the drop peak, but the anisotropy does not seem to modify neither the propagation characteristics of the TE-like modes nor the symmetry of the resonant mode. Although these calculations are more specific and reliable, they are time and memory consuming. Therefore, in order to show the sensor operation, an approximation has been introduced using an effective 2D analysis.
Furthermore, the 3D analysis has also been used to evaluate the out-of-plane losses related to the membrane; the geometrical parameters set for the design are fixed in order to minimise this effect. In fact, we checked out that the modes propagating in the waveguide are below the light line in the wavelength range of our interest, meaning that the modes did not have out-of-plane losses, as it is confirmed also in literature [15, 16] . The 3D calculations have been also developed to evaluate the radiation losses induced by the presence of the cavity: we notice that the dipole-like mode exhibits about -35 dB of power emitted in the in-plane orthogonal direction. Hence we can assume that the out-of-plane losses are negligible in our calculations.
Since our electromagnetic analysis involves the TE-like propagation only, on the basis of the previous considerations the 3D problem has been reduced to a 2D one, and the refractive
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Journal of the European Optical Society -Rapid Publications 2, 07017 (2007) D. Biallo, et. al. index of the 2D structure has been assumed equal to the effective refractive index of the fundamental TE-like mode of the membrane. For the perturbed structure, by means of Eq. 1, the refractive indices have been calculated for each pressure value, and the electromagnetic analysis has been performed for each equivalent 2D structure characterised by the corresponding effective refractive indices.
The electromagnetic analysis of the 2D structure has shown a large band gap for TE polarisation (magnetic field component parallel to the hole axis) between λ 1 = 1.014µm and λ 2 = 1.44µm, whereas a smaller stop band has been observed for TM polarisation. The wide TE-band gap of the GaAs membrane suggested us to use the variable resonance position as detectable parameter. Moreover, the sensor under investigation has to be characterised by high sensitivity, in order to detect small pressure variations; by introducing a point defect within the unperturbed structure one is able to observe a localised resonant state in the band gap. Therefore it is necessary to enhance the quality factor of the point defect resonance to achieve a great field confinement inside the defect in order to realise a narrow resonant peak in the transmission spectrum. Furthermore, the functionality of the device will be complete when an efficient way to excite the microcavity modes and extract the light is engineered. As shown in Fig.4 (inset) , the microcavity has been designed by reducing the neighbouring holes of the point defect (white holes in Figure 4 inset) from 0.35a to a radius value of 0.34a and enlarging the other surrounding ones (black holes in Figure 4 inset) to a value equal to 0.38a, in order to achieve a good field confinement inside the microcavity and an efficient coupling to the light feeding system. The inset depicts the microcavity coupled with the W1 waveguide: black holes have radius R1 = 0.38a and white holes have radius R2 = 0.34a while the structure has radius R = 0.35a.
The simplest way of injecting the light into the cavity is to couple it with the fundamental mode of a W1 waveguide by evanescent field; this results in a frequency drop in the structure transmission spectrum (see Figure 4) [17, 18] . A trade-off between the obtainable values of the microcavity quality factor and the coupling efficiency of the cavity/W1 system becomes necessary to reach a balance between the high field confinement and the fall-off of the transmission coefficient at the output of the waveguide.
The designed system is depicted in the inset of Figure 6 : at λ = 1313, 75 nm the microcavity supports a dipole-like mode characterised by a high quality factor (Q=7000), which leads to a pronounced frequency drop that reaches value approaching to zero. The application of a pressure on the device results in an increment of the refractive index and consequently in a redshift of the drop position. The minimum shift experimented is ∆ = 0.17 nm (Figure 5) , that is consistent with the resolution of an up-to-date commercial optical spectrum analyser. Therefore the minimum detectable pressure variation is 0.03GPa; thus, if we consider an area of the pressure application equal to 48.5µm 2 , the numerical simulations show that the detectable minimum force is about 1.46 nN. This fact means that the device is able to discern different refractive indices with a precision of ∆n = 0.00045. Beyond this limit the numerical calculations show that the refractive index change is too small to cause a detectable frequency shift of the drop. The frequency drop positions moving towards higher wavelengths are evaluated for pressure values ranging from 0GPa to 2GPa. By checking the frequency drop positions for different pressure values, it is possible to trace the sensor calibration curve as depicted in Figure 6 (solid line). It is clearly shown that the relationship between the drop position and the applied pressure follows a linear law, allowing linear measurements of the pressure. In this way we are able to estimate the sensor sensitivity S evaluated in a unique fashion as the ratio between the drop peak position and the applied pressure variation, that is the slope of the calibration curve:
The sensitivity value for the designed structure calculated by means of Eq. 2 is about 5.2µm/GPa. By considering a membrane structure, the sensitivity increases of about 10% respect to the value obtained with a photonic crystal GaAs/AlGaAs structure reported in [19] .
All the aforementioned results are related to linear calculations, where the material dispersion is neglected. In order to estimate the effect of the material dispersion on the sensor functioning, we performed 2D calculations using both Lorentz and Drude models to mimic the real GaAs dispersion curve.
The numerical results show that the introduction of the material dispersion is responsible of a blue-shift of the drop in the transmission spectrum. The drop shift remains constant as the value of applied pressure is incresed, since the dispersion curve is supposed to be unvaried under the application of the pressure and thus subjected to a red-shift as the refractive index values change. The calibration curve resulting by the dispersive calculations (dashed line in Figure 6 ) show that the relation between the drop position and the applied pressure is still linear.
We notice that the device sensitivity is linked to the intrinsic properties of the material the membrane is meant to be fabricated, while its resolution is strictly dependent on the quality factor of the microcavity that is, in turn, limited by the coupling efficiency to the waveguide.
CONCLUSION
We propose the design of a pressure photonic crystal sensor realised by considering a high-Q microcavity coupled to a W1 waveguide. The drop spectral position is the sensing parameter, being dependent on the refractive index of the membrane. Micrometric dimensions and high sensitivity make this structure eligible for sensing application in a wide range of application.
